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We demonstrate the super-resolution localization of the nitrogen vacancy centers in diamond by a
novel fluorescence photoswitching technique based on coherent quantum control. The photoswitch-
ing is realized by the quantum phase encoding based on pulsed magnetic field gradient. Then we
perform super-resolution imaging and achieve a localizing accuracy better than 1.4 nm under a
scanning confocal microscope. Finally, we show that the quantum phase encoding plays a dominant
role on the resolution, and a resolution of 0.15 nm is achievable under our current experimental
condition. This method can be applied in subnanometer scale addressing and control of qubits
based on multiple coupled defect spins.
Owing to the long coherence time and the quantum
scalability to multi-qubit system, solid-state defects with
spins, such as the nitrogen-vacancy (NV) centers, silicon
vacancy centers in diamond [1] and defect centers in sili-
con carbide [2], become the fundamental building blocks
for scalable quantum computers [3–5] and high sensitive
quantum sensors with nanoscale resolution [6, 7]. Local-
ization and quantum manipulation of these defect centers
at nanometer scale is of great significance for their uti-
lization in the quantum devices [8, 9], biomarker in cells
[10, 11] and magnetic imaging [12–15]. However, the con-
ventional optically detected magnetic resonance based on
confocal microscopy has a diffraction limited resolution
that is not able to resolve the quantum system such as
two or three coupled NV centers separated in the distance
below 10 nm [3].
In the past decades, several approaches of super-
resolution imaging, such as stimulated emission deple-
tion (STED) [16], ground-state depletion (GSD) [17] and
stochastic optical reconstruction microscopy (STROM)
[18], are implemented on the NV centers with nanometer
resolution inside bulk and nanocrystal diamond. How-
ever, these optical methods either require high laser
power [16] or the resolution is dependent on the exci-
tation wavelength and optical intensity [18]. In addition,
recent advances [3–5] employ the degree of spin resonance
technique for photoswitching of neighboring NV centers
as well as other defect centers. This approach enables the
super-resolution localization under confocal or wide-field
microscopy with much lower laser power and is indepen-
dent on the optical wavelength. Nevertheless, the spatial
resolutions of this approach and the above optical meth-
ods are limited, which is more than 10 nm. Moreover, the
frequency encoding method exploits the different Zeeman
splitting of different orientation NV centers under mag-
netic field [19] to realize the photoswitching. High DC
magnetic field gradient (MFG) on the order of 105 − 106
T/m generated by a magnetic tip or a strong current
is used for frequency encoding to achieve sub-nanometer
resolution [20, 21], but they need to suppress the insta-
bility or drift of the gradient magnetic field and magnetic
noise. Furthermore, pushing both the resolution and the
localization accuracy below 1 nm remains challenging.
Here we adopt pulsed MFG based quantum phase en-
coding for the photoswitching and combine it with the
confocal microscopy to investigate the localization accu-
racy and resolution of the NV centers. In our method, we
fabricate a microwire on the diamond surface that enables
the generation of MFG pulse. Then we prepare the quan-
tum states of two neighboring NV centers within diffrac-
tion limit to fluorescence bright and dark state alterna-
tively by the coherent quantum control of microwave and
MFG pulse, respectively. The super-resolution localiza-
tion is accomplished by confocal scanning and fitting the
point-spread function of each NV center with the other
one switching to “OFF”. Finally, we achieve an optically
localization accuracy of nearby NV centers below 1.4 nm
and an ultimate photoswitching resolution of 0.15 nm
in our experimental condition. Based on pulsed MFG
quantum phase encoding, the photoswitching resolution
is greatly enhanced. Remarkably, our approach has the
key advantages of no stringent requirement for high laser
power or high MFG, and it is independent on the optical
wavelength.
The experimental setup is based on [22] and the scan-
ning head is shown in Fig. 1(a). The NV center consists
of a substitutional nitrogen atom associated with a va-
cancy at neighboring lattice in the diamond crystal. It
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FIG. 1. Schematic view of the experimental setup and the
principle of photoswitching of NV centers. (a) Experimen-
tal setup. Bz = 9.37 mT is the static magnetic field. (b)
Measured magnetic field versus the distance between the se-
lected 11 NV centers (blue dots) and the gradient microwire
by magnetic resonance spectrum and the calculated gradient
(red curve) of the magnetic field projected on the NV [111]
axis under a current of I = 10 mA. The magnetic field is
fitted by inverse scale function and the MFG curve is the
derivative of the magnetic field. (c) The spin echo pulse se-
quence with quantum phase encoding under pulsed MFG. (d)
the schematic view of photoswitching of each NV centers cor-
responding to the pulse sequence in (c).
is a quantum emitter that fluoresces with a zero-phonon
line at 637 nm in red under illumination of 532 nm laser.
The electronic structure of the negatively charged NV
center has a spin-triplet ground state, with a zero-field
splitting DGS = 2.87 GHz. An external magnetic field
is applied to eliminate the degenerate energy level of the
ground state. For simplicity, we address the two-level
subsystem |0〉 and |1〉 as ms = 0 and ms = +1 state
of the NV center. By optically pumping under microsec-
onds of 532 nm laser pulse, the NV center is initialized to
|0〉 at a probability > 95 % [23], as a fluorescence bright
state as “ON”, while |1〉 acts as a fluorescence dark state
as “OFF”, for the super-resolution localization applica-
tions.
The NV centers adopted here are generated by im-
planting 70 keV 14N ions with a dose of 2 × 109 cm−2
into an ultra-pure single crystal diamond (ElementSix)
followed by high temperature (1000 ◦C) and high vac-
uum (10−6Pa) annealing. The typical decoherence time
of the generated NV centers is longer than 200 µs. The
spin state is coherently manipulated by the pulsed MW
magnetic field and a one-dimensional MFG delivered sep-
arately by two gold microwires with the size of 20 µm
(width) × 200 nm (thickness) and 1 µm (width) ×
200 nm (thickness), respectively. A voltage controlled
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FIG. 2. Quantum phase encoding of a single NV center
spin under pulsed MFG. (a) Quantum state evolution path
represented in Bloch sphere with ϕ = pi and ϕ = 2pi and the
final state of |1〉 (dark) and |0〉 (bright), respectively. (b) The
normalized fluorescence intensity of NV center under τ = 160
µs versus amplitude of the current sending to the microwire.
The data is fitted by cosine curve.
current source (Stanford CS580) connected to an arbi-
trary waveform generator (Rigol DG5102) is used to send
current to the gradient microwire. We measure the Zee-
man splitting of the NV center spins at different locations
[24] when sending microampere currents to the gradient
microwire and then calculate the MFG projected on NV
[111] axis. The maximum MFG achieves 0.735 mT/µm
while the NV center locates at 0.5 µm away from the
edge of the gradient microwire (NV A).
The experiments begin with the gradient quantum con-
trol of a single NV center (NV B) with the pulse se-
quences shown in Fig. 1(c). Inspired by the conventional
magnetic resonance imaging (MRI) technique, we em-
ploy the pulse sequence similar to the spin echo based on
phase encoding procedure to manipulate the spin state.
The first pi/2 pulse prepares the spin state into quan-
tum superposition state (|0〉 + |1〉)/√2. Then during
the evolution, there is an accumulated relative phase
ϕj = γτ
∫ τ
0
G(rj , t, I)rj dt on the quantum superposition
state due to the pulsed MFG, where γ is the gyroma-
gentic ratio, τ is the total evolution time and G(r, t, I)
is the pulsed MFG (Fig. 2). The second pi/2 pulse ma-
nipulates the quantum state into the final state Ψj =
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FIG. 3. Quantum state control of NV C & D under τ = 20
µs. (a) Normalized fluorescence intensity of two NV centers
versus the amplitude of the current in microwire. The red
pentagons indicate the final state set of |0〉 ⊗ |0〉, |0〉 ⊗ |1〉
and |1〉 ⊗ |0〉. The data is fitting by cosine curve with two
different frequencies. (b) Illustration of the state evolution of
each NV center decomposed from (a). The dashed lines are
corresponding to each quantum state in (a). (c) Real space
image obtained from fast Fourier transformation of (a). The
pixel resolution is estimated to be about 300 nm.
cosϕj |0〉+ isinϕj |1〉. The normalized fluorescence inten-
sity is proportional to the cosine of the relative phase:
sj ∼ cos(γτ
∫ τ
0
G(rj , t, I)rj dt), (1)
By sending various amplitude of the cosine shaped AC
current in the microwire to varying MFG, the final state
is manipulated between |0〉 and |1〉 corresponding to ϕ =
2npi and ϕ = (2n+1)pi respectively, as shown in Fig. 2(b)
for the case of a single NV center.
The pulsed MFG enables the spatially selective ma-
nipulations of multiple spins that are in one diffraction
limited confocal fluorescence spot with same orienta-
tion and thus enables photoswitching down to nanometer
scale. The NV centers at different locations accumulate
position-dependent quantum phase and are able to be
manipulated to different final spin states. The final spin
state containing all the NV centers in one spot can be
written as:
Ψ = Ψ1 ⊗Ψ2 ⊗Ψ3 · · · , (2)
The total optical signal can be written as
s =
∑
j
Cjcos(γτ
∫ τ
0
G(rj , t, I)× rj dt), (3)
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FIG. 4. Experimental results of super-resolution localization
of two neighboring NV centers. (a-c) the confocal scan results
of the three sets of quantum states from left to right: F|0〉⊗|0〉,
F|0〉⊗|1〉 and F|1〉⊗|1〉, respectively. (d) The subtraction results
of the confocal scan image F|0〉⊗|0〉 − F|1〉⊗|0〉 and F|0〉⊗|0〉 −
F|0〉⊗|1〉 reveals the position of each NV center. (e) The two-
dimensional Gaussian fitting results of (b). (f) The relative
two-dimensional location of the two NV centers. σx, σy is the
fiting error of (d) on x and y direction, respectively. Scale
bars in (a-e): 200 nm. Scale bar in (f): 100 nm.
where Cj is the normalized fluorescence intensity of each
NV center.
We exploit two neighboring NV centers (NV C & D)
within diffraction limit to perform the spatially selective
spin state manipulation. The two NV centers are 2 µm
away from the edge of the microwire, making the maxi-
mum MFG estimating to be ∼ 0.024 mT/µm at 2 mA.
In this case, as shown in Fig. 3, when varying the current
sending to the microwire, the two NV centers are manip-
ulated to |0〉 or |1〉 with a different rate due to the MFG.
The fluorescence intensity signal is the sum of the two
NV centers so an oscillation with a modulation envelope
is observed. At the particular point that the accumulated
quantum phases on two NV centers differ npi (n is an odd
number), the final spin state could be manipulated to ap-
proximate |0〉⊗ |1〉 or |1〉⊗ |0〉 at a current of 0.40 mA or
0.43 mA, respectively (see more details for Rabi and free
4induction decay measurements in [24]). According to the
relationship between the fluorescence intensity and spin
state where we define spin state |0〉 as “ON” state and |1〉
as “OFF” state, these two states can thus be switched by
controlling the MFG.
We then demonstrate the super-resolution imaging on
the two neighboring NV centers (Fig. 4). A home-build
confocal microscopy is employed to scan the fluorescence
spot and locate each NV center. The diffraction limited
spot size defined by full width at half maximum (FWHM)
is 436 nm on the NA = 0.7 objective lens (Olympus LUC-
PLFLN60X) and 30 µm pinhole. In our demonstration,
we consecutively take three fluorescence intensity maps
for the super-resolution imaging (Fig. 4(a-c)). In the first
image, the two NV centers are both set to “ON” state
as background. When taking the last two fluorescence
intensity maps, similar to STORM, one NV center at
“ON” state is being imaged with the other NV center
setting to “OFF” state. In order to increase the signal
to noise ratio and reduce the uncertainty due to thermal
drift, we apply the pulse sequence plotted in Fig. 1(c)
on these adjacent two NV centers and take an average
of the whole pulse sequence for 2 × 105 times. The to-
tal acquistion time for the whole process is about 10h.
Finally, three images of |0〉 ⊗ |0〉, |0〉 ⊗ |1〉 and |1〉 ⊗ |0〉
states with 50 × 50 pixels and size of 1 × 1 µm2 are ob-
tained. The image of each single NV center is calculated
by subtraction of |0〉 ⊗ |0〉 from |0〉 ⊗ |1〉 and |1〉 ⊗ |0〉.
The current sending to the microwire is weak so that no
thermal drift is observed during the scan. Fitting the flu-
orescence spot by Gaussian shaped surface with the peak
value of which is the localization of the NV center, we ac-
quire that the two NV centers at a distance of 266.0 nm
are resolved with an accuracy of (0.8 nm, 1.1 nm) and
(1.4 nm, 0.9 nm). This is in excellent agreement to the
result based on one-dimensional Fast Fourier Transform
magnetic imaging [24].
The localization of the two NV centers separated ∼
266.0 nm does not show the ultimate capability of this
technique. On the one hand, similar to the super-
resolution localization microscopy, the localization accu-
racy is mostly dependent on the photon shot noise that
can be reduced to sub nanometer by long time accumula-
tion [18]. On the other hand, the spatial resolution relies
on the resolution of gradient quantum control. To distin-
guish the each nearby NV centers, the minimum condi-
tion is manipulating them to |0〉⊗|1〉 and |1〉⊗|0〉 state for
photoswitching at the maximum magnetic gradient field.
This is equivalent to the accumulated quantum phases ϕj
differ pi at close to the maximum MFG. At the position
of NV A with the MFG of 0.735 mT/µm, the minimum
resolution of gradient quantum control achieves 0.15 nm
[24].
In conclusion, we have demonstrated the photoswitch-
ing technique of the neighboring NV centers by a pulsed
MFG quantum phase encoding and localized each NV
center to ∼ 1.4 nm accuracy on a confocal microscope.
The minimum spatial resolution of photoswitching can
achieve subnanometer and the localization accuracy can
be further improved to subnanometer as well under the
experimental condition shown in this work. This method
provides a novel way for precisely coherent control or
qubit operation of multi coupled defect spins in diamond
(see more details for qubit operation of coupled NV cen-
ters in [24]) and integration into low power consump-
tion quantum chip. As it is based on the manipula-
tion of spins, this technique could be directly applied
to other solid-state spins such as silicon carbide defect
spins. Combining with the wide field microscopy, it al-
lows to build a wide-field super-resolution defect spin
microscope with the capability of super-resolution photo-
switching on a bulk diamond sensor for magnetic imaging
and biomarker imaging.
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